Background. Low nephron number is determined in utero and is a proposed risk for essential hypertension. Glomerular volume is inversely correlated with nephron number, and genetic and environmental factors that determine nephron number are thought to determine glomerular volume. This study compared total glomerular (nephron) number (N glom ), mean glomerular volume (V glom ) and kidney weight in two geographically separated black populations with significant common genetic ancestry. Methods. Unbiased stereology was used to determine N glom and V glom in kidneys collected at coronial autopsy in an age-and sex-matched sample of 39 adult Africans from Dakar in Senegal, West Africa and 39 African Americans from Mississippi in the USA. Results. African Americans were taller and heavier than their Senegalese counterparts. N glom was remarkably similar-with a geometric mean of 937 967 in Senegalese and 904 412 in African Americans (P = 0.62). V glom was correlated inversely with N glom and directly with body surface area in both groups, but V glom was 54% greater in African Americans than in Senegalese Africans [8.30 ± 2.92 (SD) and 5.38 ± 1.25 μm 3 × 10 6 , respectively] and remained significantly larger (38%) after adjustment for body size. V glom increased with age in African Americans, but not in the Senegalese. Kidney weight was larger in African Americans (P < 0.0001), but kidney-to-body weight ratio was not different between groups. Conclusions. Despite similar nephron numbers, a common genetic constitution, and even in relation to current body size, African Americans have larger V glom than Senegalese subjects. This may mark exposure to environmental stressors or hereditary traits concentrated in the population's relocation to North America.
Introduction
Recent autopsy studies have shown dramatic variation in total glomerular number (N glom ) in the human kidney. We have described a 9.6-fold range in N glom (from 210 332 to 2 026 541) in the kidneys of 105 African Americans [1] and a 2.6-7.3-fold range in smaller studies of Caucasian Americans (n = 84) [1] , Aboriginal (n = 19) [2] and Caucasian Australians (n = 24) [2] and Senegalese Africans (n = 28) [3] . Considerable differences in N glom have also been observed between populations. Nyengaard and Bendtsen found a relatively low mean nephron number (617 000 nephrons) in an older sample of 37 Danes [4] . The mean number of nephrons in Senegalese Africans, African and Caucasian Americans varied from 843 106 to 925 485 nephrons with no significant difference between groups [1] . Only Australian Aborigines have been found to have a significantly lower mean nephron number than any other population with an N glom of 713 209 ± 214 591 when compared to 861 541 ± 321 689 for Caucasian Australians [2] .
Nephron endowment in humans is determined before term birth [5] . Following birth, the number of nephrons at any point in time is determined by the initial nephron endowment and by subsequent nephron loss. An increasing number of experimental and human studies have shown that single nucleotide polymorphisms [6] [7] [8] and aspects of the fetal environment [9] [10] [11] [12] [13] [14] can influence nephron endowment. Several studies have shown ageassociated nephron loss after birth [4, 15] .
Low nephron endowment has been proposed to increase the risk of hypertension in adult life, via a decrease in total filtration surface area and subsequent resetting of the pressure natriuresis curve [16] . Exacerbating lifestyle factors including obesity or a high-salt diet may further increase this risk in susceptible individuals [17] . Reduced nephron number has been related to hypertension in European and American Caucasians [18, 19] . But nevertheless, despite their higher risk of hypertension and hypertensive renal disease compared to Caucasians, no significant differences in nephron number have been found between hypertensive and non-hypertensive African Americans [19, 20] .
Extensive variation in mean glomerular volume has also been observed in human kidneys collected at autopsy (up to 5.6-fold in adults) [15] . Increased glomerular volume is associated with higher body surface area (BSA) [3, 4, 15] , lower nephron number [1, 3, 15] and with the presence of hypertension [2, 18, 19] . Large glomeruli are observed in populations at high risk of hypertension (e.g., African Americans and Aboriginal Australians) and renal disease (e.g., Pima Indians, African Americans and Aboriginal Australians) [2, 21, 22] .
The objective of this study was to compare total nephron number (N glom ), mean glomerular volume (V glom ) and kidney weight in Senegalese Africans and African Americans. These two geographically separate black populations share significant common genetic ancestries, but have subsequently undergone different ancestral mixing over several centuries and have different current diets and lifestyles. 
Materials and methods

Kidney collection
Subject selection
The first 39 kidneys of Senegalese African adults to be analysed were compared to those of age-and sex-matched African Americans. African American subjects were selected from a cohort of 97 subjects whose kidneys had been previously examined [1] and were matched to the Senegalese Africans according to sex and age (Table 1) . A random number generator was used for selection of African American subjects when more than one suitable subject was available. Findings from analysis of kidney pathology and heterogeneity of glomerular volume within the kidneys of some of these Senegalese and African Americans have been previously reported [3, 23, 24] .
Cause of death
The main cause of death in the Senegalese Africans was death by misadventure (n = 28, 71.8%; accidents, homicides, suicide). Two deaths (5.1%) were cardiac related. The remaining deaths were due to infection, cancer or pulmonary related (n = 9, 23.1%). In the 39 African Americans, the proportion of deaths due to cardiac or cerebrovascular causes was much greater (n = 20, 51.3%). Accidental and violent deaths accounted for 17.9% of deaths (n = 7). The remainder were due to pulmonary embolism and other non-renal illnesses (n = 12, 30.8%).
Estimation of total nephron number and mean glomerular volume
Following systematic macroscopic sampling for stereology, selected blocks were embedded in glycol methacrylate and exhaustively sectioned at 20 μm. The physical disector/fractionator combination was used for unbiased stereological estimation of total glomerular (nephron) number. The disector/fractionator technique uses systematically sampled section pairs to count glomeruli at a unique point (when they first appear in the serial sections) in a known fraction of the kidney. Total glomerular number is calculated using basic algebra. Mean glomerular volume (V glom ) estimates were obtained by dividing the volume density of glomeruli in the kidney (V Vglom,kid ) (derived from point counting with a stereological test grid) by the numerical density of glomeruli in the kidney (N Vglom,kid ). These stereological methods have been described in detail in our previous publications [15, 25] .
Classification of hypertensive status
African American were categorized into hypertensive and non-hypertensive on the basis of a history of hypertension, consistently elevated blood pressures (≥140/90 mm Hg), mean arterial pressure (MAP) ≥ 107 mm Hg, the presence of cardiomegaly and severity of renal arteriosclerosis, as previously described [19] . One subject was classed as 'probably hypertensive' on the basis of a history of hypertension and confirmation by two other marks, but had no available blood pressure record. This subject was analysed with confirmed hypertensives. Hypertensive status was available for 38 African Americans. No information was available on the hypertensive status of the Senegalese autopsy subjects.
Statistical analysis
Analysis of data was performed using STATA statistical package, Version 8 (College Station, Texas, USA). Two-tailed Student t-tests were used to compare the mean values of the two groups. Variables with a skewed distribution were transformed using the natural logarithm, and geometric means were used to compare the two groups. Pearson's product moment correlation and linear regression were used for univariate analysis of parametric variables, while Spearman's rho correlation (r) was used for non-parametric data. One-way ANOVA with Bonferroni post hoc test was used to test differences in V glom by hypertensive status and to compare to Senegalese. In all tests, P < 0.05 was considered significant.
Results
Physical characteristics of the sample populations
Characteristics of the two groups are presented in Table 1 . As dictated by the study design, subjects were matched for gender and well matched for age. African Americans had significantly greater height, body weight, BSA and body mass index (BMI) than the Senegalese Africans. Mean height in the African Americans was 8 cm greater than Senegalese adults (P < 0.0008), and African Americans were on average 17 kg heavier than the Senegalese Africans (P = 0.0002). The striking difference in the range of BSA in the two groups is shown in Figure 1 . All 39 Senegalese had a BSA <2.1 m 2 , whereas 44% of the African Americans had a BSA greater or equal to 2.1 m 2 . 
Kidney weight
Kidney weight was 27% greater in African Americans than in Senegalese Africans (P < 0.0001). The difference in kidney weight between the races was reduced to 16% following adjustment for BSA (P = 0.02). The kidney-tobody weight ratio was similar in the two groups (P = 0.38), but variation was greater in African Americans (Table 1) . Figure 2 ). In contrast, mean glomerular volume (V glom ) differed greatly between the two populations (Table 2, Figure 3 ). V glom was 54% greater in African Americans who also displayed a 4.5-fold range in V glom compared to the 3.0-fold range in Senegalese. Furthermore, following adjustment for BSA, V glom in African Americans remained 38% greater than in the Senegalese (P < 0.0001).
Total nephron number and mean glomerular volume
The significant difference in V glom was also observed when the comparison was restricted to subjects with BSA within the range of 1. Figure 4A) . The relationship between V glom and BSA was similar between the groups with no significant interactions (P = 0.74).
Relationships between V glom , N glom and age V glom was inversely correlated with N glom in both groups ( Figure 4B ). Similar relationships between V glom and N glom were observed for both groups: for every one million increase in nephron number, glomerular volume was found to be 2.94 μm 3 × 10 6 smaller in African Americans and 2.73 μm 3 × 10 6 smaller in Senegalese Africans. There was no difference between the beta coefficients of each group (P = 0.89). However, glomeruli of African Americans were significantly larger than those of Senegalese at all nephron numbers (P = 0.049); the difference in volume by race was 2.90 μm 3 × 10 6 (P < 0.001). V glom increased with increasing age in African Americans (r = 0.32, P = 0.04), but not in Senegalese Africans (r = 0.08, P = 0.61) ( Figure 5 ).
V glom and hypertension in African Americans
Twenty-four of the 38 African Americans (63%) were hypertensive. The hypertensive status of the Senegalese Africans is not known. However, there were no significant differences in V glom among African Americans who were Fig. 1 . Distribution of BSA in Senegalese Africans and age-and sexmatched African Americans. Fig. 2 . Distribution of total nephron number (N glom ) in kidneys of Senegalese Africans and age-and sex-matched African Americans. Curves correlated using kernel density. and were not hypertensive (P = 0.12), and the V glom of those who were not hypertensive was still larger than in the Senegalese (P = 0.02) ( Table 3) . N glom did not differ between hypertensive and non-hypertensive African Americans (P = 0.94) or compared to Senegalese Africans (P = 1.00, P = 1.00).
Cause of death analysis
A significantly greater proportion of African Americans died of coronary artery disease/cerebrovascular disease (CAD/CVD)-related causes (51.3%, 20 cases) compared to the Senegalese Africans (5.1%, two cases). Cause of death due to CAD/CVD did not appear to be associated with consistent variations in N glom or V glom , there being no difference in V glom (P = 0.78), N glom (P = 0.25), age (P = 0.74) or BSA (P = 0.58) between African Americans who died of CAD/CVD-related causes and the remaining African American subjects. Only kidney weight was significantly greater in those with cardiac-related deaths (P = 0.033), but this was predominantly accounted for by body weight, as the kidney-to-body weight ratio was not significantly different (P = 0.197). Cardiac-related deaths in the Senegalese sample (n = 2) were too few to allow meaningful comparison with the remaining subjects (n = 37). A comparison of African Americans and Senegalese Africans dying of non-CAD/CVD-related deaths (n = 19 and n = 37) found the same relationships that were observed in the comparison of the whole population samples.
Discussion
The main objective of this study was to compare total nephron number and mean glomerular volume in ageand sex-matched African Americans and native West Africans from Dakar in Senegal. Three principal findings emerged from the comparison: (i) total nephron number per kidney (N glom ) was remarkably similar in the two races; (ii) mean glomerular volume (V glom ) was significantly greater in African Americans than in Senegalese and was not completely accounted for by differences in body size; and (iii) kidney weight was greater in African Americans than in Senegalese but was largely accounted for by the difference in body size. The similarity in N glom in African Americans and Senegalese Africans was remarkable, differing by only 3.6%, despite weakening of genetic ties by racial admixing and differences in prenatal nutrition and prenatal care in the different countries. N glom measured at autopsy reflects both nephron endowment (the number of nephrons formed during fetal development) and subsequent nephron loss throughout postnatal life. However, regardless of endowment or possible nephron loss, the similarity in nephron number in these two groups, as determined at autopsy, means that in African Americans a similar complement of nephrons is required to provide for the demands of a larger body size (larger in both height and weight). In larger African Americans, particularly those with low numbers of nephrons, single nephron filtration rates are likely to be increased and greater strain may be placed on individual nephrons compared to their smaller African counterparts.
The difference in mean glomerular volume in these two populations of West African origin was striking. Although differences in V glom could result from differences in tissue deformation during tissue processing, the strict histology protocols conducted within the same laboratory for all kidneys and the magnitude of the difference between the races make this an unlikely explanation. V glom in African Americans was more than 1.5-times that in the Senegalese Africans from Dakar. Furthermore, a significant amount of glomerular enlargement in African Americans was independent of body size-larger body size in African Americans only accounted for 16% of the difference in the overall sample. Larger glomerular size was clearly observed in African Americans within the same range of body sizes as the Senegalese. A similar V glom to the Senegalese has been observed in non-hypertensive Danes (5.98 μm 3 × 10 6 ), who also had a low mean BSA (1.70 m 2 ) [4] . V glom in the African Americans in this study was not dissimilar to that in Caucasian Americans (7.1 μm 3 × 10 6 ) and in Aboriginal Australians (7.7 μm 3 × 10 6 ) simultaneously studied by our group [26] . Substantial proportions of those populations had hypertension documented prior to death, and V glom tended to be higher in those who were hypertensive than those who were not [26] .
Both populations of African origin demonstrated an inverse relationship between V glom and N glom , so that kidneys with more glomeruli tended to have smaller glomeruli than those with fewer nephrons. This fundamental relationship has been observed in many autopsy study populations [1] , and here we demonstrated that the relationship was similar for both groups, but with greater variation in African Americans and increased glomerular volume in African Americans at all levels of nephron number compared to Senegalese.
The increased V glom in African American subjects appeared to be related to age. This apparent age-related enlargement was not directly related to larger body size, as BSA did not change significantly with age. However, it may reflect accumulated exposure to environmental stressors with increasing age in African Americans that are not present to the same extent in Senegalese Africans.
Rates of hypertension are known to increase with age in both populations [27, 28] , with considerable prevalence reported for both populations. Direct comparisons of the prevalence in each population are difficult due to differences in collection methods and definitions. In 1990, 18.3% of urban Senegalese males and 33.9% of urban Senegalese females aged 45-55 years were hypertensive (defined as blood pressure (BP) ≥ 160/95 mm Hg) [27] . The National Health and Nutrition Examination Survey (NHANES) survey found that the prevalence of hypertension (defined as ≥ 140/90 mm Hg) in African Americans was 40% in those aged 40-59 years [28] . Comparing standardized and adjusted rates using the World Health Organization Global Comparable Estimates Tool [29] , mean BP in Senegal (133.8 mm Hg) was higher than the national mean for the USA (123.3 mm Hg).
Analysis of the effect of hypertension on glomerular volume was not the main aim of this study as individual blood pressure data were not available for the Senegalese African cohort. Despite this, our study demonstrated that V glom in African Americans was significantly greater compared to Senegalese regardless of their hypertensive status in this small sample. This finding suggests that other factors, or at least factors acting prior to a diagnosis of hypertension, may be driving greater glomerular hypertrophy in the African Americans.
African Americans had a larger kidney weight than the Senegalese Africans, but kidney-to-body weight ratio was not significantly different. Increased BSA is associated with increased kidney weight [3, 4, 15] . Recorded kidney weights of previously studied autopsy populations vary widely, from 161.9 to 217.6 g in Australians and Americans. In the older Danish population, mean kidney weight was 131g [4] , and a study of kidney weight in autopsy cases from black tribes in Southern Africa in 1983-1985 found mean combined kidney weight varied from 213 to 245 g [30] , therefore ∼107 to 123 g for single kidneys. In the current study, while kidneys of African Americans were heavier compared to those of Senegalese Africans, glomerular volume per gramme of kidney weight was significantly greater in African Americans than in Senegalese. When considered with the similarity of total nephron number in the two groups, this highlights the greater degree of nephron and/or glomerular enlargement occurring in the African Americans. The increased glomerular volume of African Americans compared to their African counterparts may reflect the genetic and environmental factors that have changed with the relocation of Africans to North America. Enlarged glomeruli are thought to be more susceptible to sclerosis as a consequence of hyperfiltration and podocyte dysfunction [31, 32] , and larger glomerular size has been demonstrated in populations, including African Americans, who are at high risk of chronic kidney disease [22, 33] . The inheritance of several MYH9 polymorphisms has been linked to the increased risk of African Americans for non-diabetic chronic kidney disease. The increased risk is strongest for focal segmental glomerulosclerosis but also includes hypertension. MYH9 encodes non-muscle β-actin which is a major cytoskeletal component of podocytes. Individuals who have inherited African rather than protective Caucasian alleles may be more susceptible to podoycte injury for any of several causes of glomerular stress that may themselves be environmental [34] .
In summary, this study demonstrated similar numbers of nephrons in the kidneys of African Americans and Senegalese Africans from an urban community, but much greater glomerular volumes in the kidneys of African Americans. Glomerular enlargement in African Americans was largely independent of body size and was proportionately greater than the overall kidney enlargement. The findings in these two black populations with common genetic constitution suggest that environmental factors or geneenvironment interactions are likely to underlie the glomerular enlargement in African Americans.
